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Heavy-lon Collisions 1
Pre-reaction Detection

final state particles
N ~ 10°7*
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onset of hydrodynamics in Heavy-lon Collisions

ﬁ-lydrodynamic attractors N
- focus on properties of hydrodynamic equations
- common behavior developed very rapidly

_ rapidity distribution?  Shile Chen’s talk tomorrow 09:00, Parallel I,
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onset of hydrodynamics in Heavy-lon Collisions

ﬁ-lydrodynamic attractors N
- focus on properties of hydrodynamic equations
- common behavior developed very rapidly

_ rapidity distribution?  Shile Chen’s talk tomorrow 09:00, Parallel I,
Th )

ermalization in phase space distribution
- solve Boltzmann equations, compared with hydro
- usually linearized Boltzmann, e.g., Relaxation Time Approximation

@n-\inear collision kernel? multiparticle correlations? Shuai Lu’s poster #229




onset of hydrodynamics in Heavy-lon Collisions

N

Quark-Gluon Plasma:
A strongly coupled, quantum, (quasi)many-body system!

Ideally, full quantum simulation of QCD in 3+1D

Practically, strong coupling QED in 1+1D
— confinement, chiral condensate



Hamiltonian

N

1+1D Schwinger model

-

E: electric field
A: electric potential
w, W fermion field

E2
— — p(ir'0, — gr'A — myy )dx.

F*™F,,
L(1) = J(— 2 +w(iy"o, — gr*A, — m)l//) dx.



Hamiltonian

N

1+1D Schwinger model

E2

H = J(T — y'/(i;/ldx — gy!A — m)y/)dx.

|0) :empty
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field operators
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Hamiltonian 2
1+1D Schwinger model
E2
H=| (5 = 0600, - gr'a - miw)ax.
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1) :occupied

field operators
)(N)Q X3 X19 £20

I I N
Q- @-O-@-O-@9-0O-9-O-0-O-@-O-@-O-@-O-Q-O-0O- SPrese tec by

matrices

{)(Ijlr’)(m} — 5nm’ {)(rj’)(zj@} — {)(na)(m} = 0.

1 N—-1 m N Clg2 N-1
— o 1\ 2
H=—_— D) XX, +YY,, )+ > Y (=1)'Z,+ > Z‘;Ln .

n=1 n=1




Hamiltonian

N

0) :empty

1) :occupied

)(Nﬂ(z
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Eigenstates of H: vacuum and (quasi)-particles

Time evolution:

0 .
Ell/f(t» = — i H|y(1))

O(t) = (y(®)| O | w(®)
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approach to the continuum limit 3
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approach to the continuum limit
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thermalization in isolated system?

2
H = J( ir'a, - gr'A — myy ) dx.
[ w(1)) = exp(=i H1)|y(0))

W(t) = (w(t) | W|w(t))

Thermalization in an isolated quantum system?

Quantum distribution function: Wigner function

Waﬂ(ta <o p) — lea(z+) U(Z-|-9 Z—)Wﬂ(z—) ei% dy



long-time average

MCE/CE average

thermalization of quantum distribution function 5
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thermalization of quantum distribution function
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thermalization of quantum distribution function 6
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thermalization of quantum distribution function
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(Wo(p=g/3))n

thermalization of quantum distribution function
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thermalization of quantum distribution function
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thermalization of quantum distribution function
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Partial thermalization?

|~

E2

H = J(— —y(iy'o, — gr'A — me'’ ys)l/f)dx

2

w(x, p) ~ J e'? I () (y)
X—y

w,(x, p) ~ J e'? () (y)
X—y




Partial thermalization?
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Emergence of Hydrodynamics?
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emergence of hydrodynamics
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emergence of hydrodynamics
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emergence of hydrodynamics
205 l | l I emergency of hydrodynamics
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emergence of hydrodynamics 9
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emergence of hydrodynamics
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emergence of hydrodynamics
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summary

Real-time non-perturbative quantum evolution

® thermalization of quantum distribution function
® strong coupling limit: ETH satisfied
® weak coupling: ETH violated depending on symmetry

® emergence of hydrodynamics
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thermodynamic properties and phase structure 10

® finite temperature, finite chemical potential:

(O)in = Tr(py, O)

o —(H—p Q)T

- v = o

K. lkeda, D. Kharzeev, R. Meyer, SS, PhysRevD.108.L021501




vector and axial charge propagation 10
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Hamiltonian

1+1D Sc

O
X1 X2 A3 X19 220
S O 2 - 2SO RN - 2RO R - SRR O R - RO B - RO BN - BN O S5 - LN O - JES O - 2R O RS - B
Ly Ly L, Ly

discretize and matrix(gate) representation:

staggered tfermion that satistied anti-commutation: {y (x), WZ(Y)} — 5a,b5(x — )

gauge field fixed by Gauss' law: 0,E — gy w = jO,

7 — 1\ 1 (n+1/2)a
Ec=an) o L [,—1, -2+ -~ e,

2 E Jn—112)a




quantum simulation

thermal equilibrium property real time evolution
pon =27t e~ HHOIT 0,0 = —ilH, ]
A 4 0 A
(O)n = Tr(py, O) — () = - iH|y®)

(Zy);+ (=1)"
2a
(—1DZ,),
2a ’

nt = (l//T(a ny(an)), =

b

Unt = = (p(an)y(a n)>z

Hn,t = <E(a n)>t — 8 <Ln>t’




why quantum computer?

dimension of state vector = 2%V

dimension of Hamiltonian = 2¥-x2% sparse ~ 2 N x 2

N : number of lattice sides

memory of
Hamiltonian

~ 131 kB 3

12 4,096 ~ 3.1 MB 12
16 65,536 ~ 67 MB 16

20 1,048,576 ~ 1.3 GB 20

N dimension

# of qubit (N)

3 256

24 16,777,216 ~ 26classical hardware 1n this work

—_—
28 -’Jﬁ;"‘ & ﬁ--‘-.wn B

performance not satisfying. ..
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entanglement entropy
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emergency of new states at late time entropies increase
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entanglement entropy

N

O —
: 2r
_2_
/ -
o
S / V /p (‘ A i ]
/’ fm r/’ /n’/ﬁ’/’@ B0 5 o —
4 emergency of new states at late time| | entropies increase
[ eE=r o uEs T A B
i QL= 0 0O1=2 .
A U rrr— S O far, what have been observed fit the
0 10 20 30 . . :
‘] expectation of thermalization.
pA : ° // ° //
What are there in the “thermalized” state?
A B

— ittt

w/ Florio, Frenklakh, lkeda, Kharzeev, Korepin, Yu, 2301.11991(PR




overlap with one-pair state
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overlap with one-pair state
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overlap with one-pair state
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overlap with one-pair state
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overlap with one-pair state
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